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Previewsaffect the ability of Smo to localize to the
cilium upon ligand stimulation but does
interfere with steps downstream of Smo,
such as suppression of Gli proteolytic
processing, recruitment of Gli proteins
and SuFu to the tips of cilia, and Gli
nuclear localization. These and other
data raise the possibility that, through
their association with Smo, the Evc
proteins provide a link between active
ciliary Smo and downstream events of
the pathway. Both Evc2 and Evc localize
to a novel membrane subdomain within
the cilium lying just distal to the ciliary
transition zone, which the authors name
the ‘‘EvC zone.’’ These findings suggest
that the EvC zone is the critical location
in which Smo acts to control the Hh
pathway in the cilium. Restricting Evc2
to the EvC zone requires the so-called W
peptide, deleted in mutant Evc2 variants
of Weyers patients. Consistent with the
genetics, expression of Evc2 lacking this
peptide (Evc2DW) leads to its mislocaliza-
tion throughout the cilium and dominant
suppression of Hh signaling. Evc2DW
may inhibit the pathway by binding Smo
without the ability of endogenous Evc2
to homomultimerize. Interestingly, the W
peptide appears to be sufficient to restrict
localization of a heterologous protein,
Smo, to the EvC zone. In support of the
hypothesis that the EvC zone is the site
of Smo action, enriching Smo within this678 Developmental Cell 23, October 16, 2012zone increases its activity in response to
pathway stimulation.
The work raises a number of new ques-
tions and ideas. The most important of
these is the precise nature of Evc2 bio-
chemical function. While the data provide
a good argument for the importance of the
Evc2-Smo interaction in mediating Hh
signaling, they are consistent with either
of two modes of regulation: Evc2 may
transduce information from active Smo
to factors controlling Gli function, or
Evc2 may allow Smo to adopt a fully
active state once it has localized to the
cilium. Importantly, Evc2 does not appear
to directly interact with Gli proteins, PKA,
or SuFu, so if the first mode applies, the
nature of Gli regulation is likely to be indi-
rect and may require the identification of
additional Evc2-interacting proteins that
control Hh signaling. Because previous
work has extensively characterized the
changes in Smo conformation in re-
sponse to Hh signaling (Zhao et al.,
2007), this type of analysis may be used
to determine whether Evc proteins are
essential for a late step in the pathway
leading to formation of active ciliary
Smo. Another interesting result from this
study is the suggestion that although
Smo, Sufu, and Gli proteins primarily co-
localize at the tip of the cilium, active
Smo may only be functional in the EvC
zone. If this idea is correct, Gli proteinsª2012 Elsevier Inc.may be subject to Smo regulation during
their transport from the base to the tips
of cilia. Another important question that
remains is how the Hh pathway is regu-
lated in tissues such as the nervous
system, where Evc and Evc2 appear to
be dispensable. This point raises the
intriguing possibility that there is no
single, canonical Hh pathway acting in
mammals but, rather, that cells make
use of both core and tissue-specific
machinery to transduce Hh signaling
information depending on context.REFERENCES
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Paramutation, a phenomenon of epigenetic switching that violates Mendel’s Law of Segregation, was first
discovered in maize and later observed in other plants. In a recent report in Nature, de Vanssay and
colleagues (2012) describe in Drosophila an operationally analogous phenomenon to paramutation that is
mediated by piwi-interacting RNAs.Paramutation is an epigenetic switch that
violates Mendel’s Law of Segregation. In
this phenomenon, one allele changes the
activity state (usually to a silent state) of
its partner allele on the homologous chro-mosome. This new state of allelic activity
is inherited by the next generation and
beyond (Brink, 1956; Coe, 1959). The
newly modified allele also has the ability
in turn to change naive alleles. Paramuta-tion was first found in maize, and because
of its bizarre behavior it has captured and
retained the imagination of talented inves-
tigators for decades. Although there is
much to be learned of the mechanism,
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Previewssmall RNAs are implicated in mediat-
ing the process (Alleman et al., 2006;
Arteaga-Vazquez et al., 2010). Examples
beyond maize in the plant kingdom have
been described over the years, but now
de Vanssay and colleagues (2012) report
in a recent issue ofNature a case of trans-
gene silencing in Drosophila that is opera-
tionally analogous to paramutation.
In Drosophila, when a transgene con-
struct in which a P transposable element
carrying a lacZ gene (Ronsseray et al.,
2001) is present in a telomeric heterochro-
matic location, it can silence homologous
copies present throughout the genome in
the germline. This silencing is dependent
on functional piwi-interacting RNA
(piRNA) pathway genes. In their new
study, de Vanssay et al. (2012) examined
another transgene, T-1, that is a tandem
array of the white eye color gene and
lacZ in a P element vector that, in this
case, is located in euchromatin (Dorer
and Henikoff, 1994). This transgene ex-
hibits silencing that is reminiscent of posi-
tion effect variegation, which is typical of
chromosomal rearrangements involving
heterochromatin. This particular insertion
was found to silence other lacZ reporters
in the genome. When T1 was inherited
maternally but not paternally, piRNAs
(and small interfering RNAs [siRNAs])
homologous to the T1 sequence were
found in abundance. Presumably, mater-
nally inherited piRNAs, together with the
T1 transgene array, are required to
provoke the silencing of other copies of
the lacZ reporter throughout the genome.
Interestingly, a related tandem array, BX2,
does not induce silencing of the lacZ
reporter and does not induce production
of the signature piRNAs, even though
the lacZ transgene is present.
Next de Vanssay et al. (2012) performed
a ‘‘let’s see what happens’’ experiment,
the type that, although not necessarily
hypothesis driven, remains at the core of
scientific discovery. The authors crossed
T1 female flies to BX2 male flies, ensuring
that the cytoplasm (and thus the piRNAs)
will be supplied from the T1 stock, but
the presence of the transgene will depend
on segregation. From this cross, the
piRNAs, but not necessarily the T1 trans-
gene itself, will be present in the zygote,
together with the BX2 tandem array.
Remarkably, de Vanssay et al. (2012)found that the combination of cytoplasm
and BX2 alone is sufficient to silence the
lacZ reporter. In subsequent generations
from this cross, BX2 retained the ability
to silence the reporter; the flies continued
to harbor piRNAs matching BX2, which,
as noted above, the naive BX2 stock did
not. The silencing ability and piRNA
production was maintained for over 42
generations. Thus, it is as if the piRNA
was a primer and the BX2 transgene
a template that triggers silencing that
continues through the lineage.
Using the same trick as before, the
authors then crossed female flies
harboring the silencing version of BX2
with male flies harboring the naive version
of BX2. Segregation in the maternal
parent produces some zygotes with the
cytoplasm and only the paternally derived
naive BX2. In this case, the naive BX2 is
now converted to a silencing form. This
scheme was repeated, showing that the
silencing could be transferred in subse-
quent steps to new naive copies of BX2
though five generations.
To examine whether piRNAs or siRNAs
are involved in the cytoplasmic transfer,
the authors generated flies harboring the
silencing form of BX2 together with the
aubergine mutation, which interferes
with piRNA production, or the Dicer-2
mutation, which blocks the formation of
siRNAs. The aubergine mutation, but not
Dicer-2, eliminated the silencing ability of
BX2, implicating piRNA moieties in the
silencing process and transfer.
A long-standing question in paramuta-
tion research has been whether any infor-
mation is transferred from one allele to
another via the pairing of homologous
alleles. In the fly case, this cannot be
true because the silencing array is segre-
gated away before the naive allele joins
with the piRNA-harboring cytoplasm.
One allele can therefore change the other
via a cytoplasmic intermediate. However,
in maize, the two alleles need to be in the
same nucleus for paramutation to occur,
although there are data suggesting that
pairing is also not involved (Brink, 1959)
and that small RNAs that work in trans
are present (Arteaga-Vazquez et al.,
2010).
Interestingly, when de Vanssay et al.
(2012) examined the steady-state levels
of sense and antisense RNA transcriptsDevelopmental Cell 23deriving from the naive and silencing
versions of BX2, they found that both
activity states of the locus produced
similar amounts of transcripts. Given that
the initial pool of RNA transcripts that
are precursors for piRNA production is
not distinct between the naive and
silencing BX2 states, it must then be the
case that the cytoplasm of cells with the
silencing BX2 version contains a trigger
in piRNA processing and production that
is passed along and perpetuated. This
system will thus be a valuable one for
the study of piRNA initiation and mainte-
nance through generations because the
different steps in the process can be
separated.
While paramutation is a freakish and
rare phenomenon, its investigation has
been very informative about the nature
of epigenetic silencing. Although seem-
ingly rare, the phenomenon in Drosophila
described by de Vanssay et al. (2012)
illustrates that with a single combination
of a cytoplasmic type and a nuclear
sequence, a new genetic state can be
initiated that is then maintained for gener-
ations on end and presumably in perpe-
tuity. Such a circumstance could alter
the expression of transposable elements
and perhaps even genes and affect
their evolutionary trajectory. Welcome,
Drosophila, to the realm of paramutation.REFERENCES
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